This report aims to provide the audience with a guideline for construction and characterisation of nanobiosensors that are based on widely used affinity probes including antibodies and aptamers and nanomaterials such as carbon-based nanomaterials, plasmonic nanomaterials and luminescent nanomaterials. The affinity probes and major methodologies that have been extensively used to make nanobiosensors, such as thiol-metal interactions, avidin-biotin interaction, p-interactions and EDC-NHS chemistry, were described with the most recent examples from the literature. Characterisation techniques that have been practised to validate nanoparticle surface modification with antibodies and aptamers, including gel electrophoresis, ultraviolet-visible spectrophotometry, dynamic light scattering and circular dichroism were described with examples. This report mainly covers the reports published between 2014 and 2017.
Introduction
Interaction of nanomaterials with biological entities, such as proteins, enzymes, DNA and RNA oligonucleotides has emerged as an interdisciplinary eld known as "nanobiotechnology", which refers to the methodological approaches that nanoparticles or nanomaterials are combined to create tools for investigation of biological systems.
1 Integration of nanomaterials into the sensing systems as the active elements (transducer or detector) has paved the way for a signicant breakthrough in the eld, resulting in stable sensing probes, 2, 3 enhanced detection signals in small sample volumes, 4 miniaturised tools 5 and systems for multiplex detection. 6 The discovery of nanoparticles and following development of new instruments for nanoparticle characterisation between 1990 and 2000 has facilitated the fabrication of smart biosensing tools in the early 2000s. The number of publications that contained the keyword "nanoparticles" reached from a few hundred to hundreds of thousands within nearly two decades. Antibodies, the primary affinity reagents of the bio-analytical techniques over a century, have started accompanying the nanoparticles in the 1990s with a few thousand reports in the literature. The next generation synthetic affinity reagents called aptamers has followed the antibody-nanoparticle reports with hundreds of reports within the same period -since the aptamer discovery was only in 1990. 7, 8 The number of publications with affinity probe-conjugated nanoparticles has considerably increased over the years, representing around 8% of the total number of the publications made with the nanoparticles, according to the Google Scholar online database search (conducted in July 2017). The total number of reports that included the keywords "antibody and nanoparticle" appeared to be around 129 890 while it was 68 740 for the keywords "aptamer and nanoparticle". The nanomaterials that were functionalized with either affinity probe in these papers have varied from carbon-based nanomaterials (i.e., carbon nanotubes, graphene, fullerene) to plasmonic (i.e., gold nanoparticles) and photoluminescence nanoparticles (i.e., quantum dots and upconverting nanoparticles). Among those, carbonbased nanomaterials have seemed to be dominating the reports for both antibody and aptamer groups (around 45%), which has been immediately followed by plasmonic gold nanoparticles and luminescent nanoparticles such as quantum dots and upconverting nanoparticles. On the other hand, overall percentage of the reports with quantum dots in both probe groups was considerably high (20-25%) as compared to the percentage of other individual nanoparticles, such as upconverting nanoparticles (4-5%), graphene (13-17%), fullerene (5-12%) or carbon nanotubes (14-23%).
Carbon-based nanomaterials are the most commonly used nanomaterials in biological studies due to their versatile surface characteristics, electrical and optical merits. 9, 10 Combined with structural variations, the production method signicantly affects nanomaterial's optical properties. For carbon nanotubes, similar size characteristics can show metal-like, semiconductor-like properties or chiral properties depending on their tubular axis indices and folding shapes. In case of graphene, the electrical and optical properties of the material can signicantly change depending on the production method that embraces liquid phase exfoliation, Hummers method and chemical vapour deposition method. Each of these methods introduces a variety of defects in the two-dimensional structure of the material as well as new surface properties that are useful for surface biomodication. Incorporation of carbon nanomaterials, such as single wall carbon nanotubes, 11, 12 multiwall carbon nanotubes, 13 chiral nanotubes, graphene, graphene oxide, 14 reduced graphene oxide, 15 carbon or graphene quantum dots 16, 17 into the biosensing platforms as signal transducers is a eld growing rapidly. The biosensors fabricated with carbon-based nanomaterials could be classied as electrochemical biosensors, optical biosensors and piezoelectricbased biosensors. Carbon nanomaterial-based biosensor types, structural and physical properties of the sensing nanomaterials, key detection mechanisms and the recent advancements in the eld can be found in the study reported by Tran and Mulchandani 18 and Pasinszki et al.
19
Noble metals such as gold and silver offer unique and robust optical properties for biosensing eld. 3, 20 They are widely utilised in a plethora of biosensing platforms as signalling or signal enhancing elements. The unique optical properties of the noble metals arise from their ability to maintain surface-bound collective oscillation of electrons, called surface plasmon, on their dielectric-metal interfaces at visible to near infrared spectrum. Under certain size regimes, the surface-bound plasmon can be conned locally and can be excited resonantly at particular wavelengths of the incoming electromagnetic radiation. Localised surface plasmon resonance (LSPR) is highly susceptible to the changes of refractive index in the dielectric medium, and the resonance wavelength changes are highly conned in the vicinity of the nanoparticle surface. LSPR response can be easily tuned by using various geometries of nanoparticle substrates 21, 22 or directly in solution 23 depending on the application of interest. Merging the unique optical properties of plasmonic nanomaterials with target-specic nature of affinity probes has constituted the base for plasmonic nano-biosensing. 24 General working mechanisms of the plasmonic nanoparticles, including Surface Plasmon Resonance (SPR), Localized Surface Plasmon Resonance (LSPR), Surface Enhanced Raman Scattering (SERS) and the recent applications of plasmonic nanoparticles in biosensing, cancer diagnosis, drug delivery, photodynamic and photothermal therapy have been reviewed recently by Lim and Gao 25 and Daraee et al.
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Luminescent nanoparticles, for example, upconverting nanoparticles are lanthanide or actinide-doped nanoscale ceramic crystals that have been utilized in biosensing applications since the last decade. 27 Upconverting nanoparticles absorb and convert two or more low energy incident photons into a single higher energy photon emission. Usually, absorption energy of photons is realised using a higher concentration of dopant ions in the infrared region in order to avoid possible auto-uorescence originating from biological entities in the ultraviolet-visible (UV-Vis) region. The uorescent emission of higher energy photons occurs at specic visible spectrum wavelengths following the excitation with an infrared light source. Full-Width Half-Maximum values (FWHM) of the uo-rescent emission is signicantly narrower than the ones generated by quantum dots. 28 Semiconductor quantum dots, on the other hand, are only several nanometers in size that can be engineered easily to produce a variety of different uorescent emission signals in the visible spectrum. Size, surface properties and optical behaviours of quantum dots have enabled their use in several elds including energy, 29 biosensing 30 and bioimaging. 31 Inorganic uorescent nanoparticles have been immensely used in different sensing mechanisms including direct uorescence, uorescence resonance energy transfer, bioluminescence resonance energy transfer, chemiluminescence energy transfer, photon-induced electron transfer and electrochemiluminescence. General structures of the uorescent inorganic nanomaterials, fundamentals of the molecular sensing strategies and a useful sensing optimisation guideline can be found in the recent review paper by Ng et al.
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The key methods used to functionalize these nanomaterials with antibodies and aptamers have been classied as thiolnoble metal interaction, streptavidin-biotin interaction, p-p interaction and NHS-EDC carbodiimide chemistry. Meanwhile, validation of surface bio-functionalization is performed by techniques such as UV-Vis spectrophotometry, Circular Dichroism (CD), Dynamic Light Scattering (DLS) and Gel Electrophoresis (GE). In this report, we reviewed the key methods used for surface biomodication of nanomaterials with antibodies and aptamers as well as the most common characterisation techniques that have been implemented for validation of the nanoparticle biomodication. Structures and properties of the affinity probes including antibodies and aptamers were briey introduced, and core principles of the characterisation techniques were presented to provide the audience with a complete guideline for a successful surface modication and validation experiment.
Affinity probes for nanoparticle surface biomodification
Two major group of affinity probes that have been vastly used for surface functionalization of nanomaterials are proteinbased antibodies and oligonucleotide-based aptamers. The antibodies were used to be the core affinity reagents of the sensing and imaging assays until the discovery of aptamers at the beginning of the 1990s. Both affinity molecules differ in their nature, structure and production methods and yet have their advantages and disadvantages, which are described below.
Antibodies
The discovery of antibodies dates back to the pioneering research published by Emil Behring, and Shibasabura Kitasato from Robert Koch's Hygiene Institute in 1890. 33 Behring and Kitasato reported that a lethal dose of diphtheria toxin could be neutralised in one animal by injecting a serum obtained from another animal actively immunised against diphtheria toxin. The production of the diphtheria antiserum to a large scale was achieved by Paul Ehrlich who moved to Koch's Institute in 1889.
Ehrlich suggested that the toxicity was due to the protein side chains, that are what we know as "antibodies or Immunoglobulins" today.
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The prototype antibody Immunoglobulin G (IgG) is a 150 000 dalton "Y" shaped glycoprotein, comprising of two light (L) and two heavy (H) chains of amino acids. Each heavy chain and light chain contains one variable region (V) that are connected to the constant regions (C). The variable regions of the antibody are situated at the tips of "v" part, and they are responsible for the target-specic binding or antigen-specic binding (Fab, antigen-binding fragment). Each antibody has a unique amino acid sequence or "paratope" residue at the variable region as a result of the recombination of genes, to which the antibody binds to a specic site or "epitope" on the antigen molecule by complementarity in shape -supported with hydrogen bonds, electrostatic interactions, van der Waals forces and hydrophobic interactions. 35 Thus, the variable regions make the antibodies suitable molecules for target-specic sensing and imaging applications. Possible variations of amino acids in different lengths in the variable Fab region has paved the way for the production of a wide variety of antibodies against several antigens or specic targets. Today, around 300 companies sell over two million antibodies for research purposes.
36 According to the report by Ecker et al., 37 around 70 monoclonal antibody products developed only for therapeutic uses are expected to be on the market by 2020, and the combined worldwide sales are predicted to be around USD 125 billion. The global market for antibody production was reported as USD 7.4 billion in 2016, and it is expected to reach USD 22.6 billion by 2025, according to the report by Grand View Research, Inc.
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Although the antibody market is proliferating, standardisation of the production methods is necessary as there are serious concerns in the literature regarding the batch-to-batch variations during large-scale productions, causing conicting and non-reproducible results in research. 36 Structural instability of the antibodies due their organic amino acid assembly is another limiting factor in research conducted on-site or under varying experimental conditions. Antibodies need to be handled with caution during the assays to conserve their 3D structures, and so the target-specic binding properties. Antibodies require specic thermal conditions as well as buffer conditions, which ultimately connes the efficient utilisation of antibodies for onsite sensing applications. At this point, the conjugation of antibodies with nanoparticles could be useful in both ways; rst, increasing the physiochemical stability and serum half-life of the antibodies and the second, giving a target-specic probe character to the nanoparticles. 
Aptamers
Aptamers are short, synthetic RNA, single-stranded DNA (ssDNA) or peptide chains that are selected from combinatorial libraries to target a molecule of interest through an in vitro iteration process, known as "Systematic Evolution of Ligands by Exponential Enrichment, SELEX". The aptamers were rst discovered in 1990 by two independent research groups, Ellington cell surface markers, 46 and entire bacterial cells. 47 Aptamers shows unique secondary structures like helixes and loops based on their nucleotide sequences, and a combination of these structures constitute a tertiary structure that allows aptamers to bind to their targets in a lock and key structure through van der Waals forces, hydrogen bonding and electrostatic interaction [48] [49] [50] -similar to the interactions between antibodies and antigens (shape complementarity).
In contrast to the antibodies, aptamers can be chemically synthesized in large scale with negligible batch-to-batch variation, and they can be modied or labelled at any desired nucleotide point for further applications, such as sensing, 46 imaging, 51 targeted drug delivery 52 and therapeutics. 53 The size of aptamers is determined by the number of nucleotides in the chain. Therefore, they could be signicantly lighter in weight than the antibodies. For instance, an aptamer of 50 nucleotides is around 15 kDa whereas a typical antibody such as IgG is around 150 kDa, revealing the advantages of the aptamers over the antibodies for targeting hidden epitopes or small target molecules. Additionally, the shelf-life of aptamers is greater than the shelf-life of antibodies as a result of their synthetic structure, and aptamers can easily survive at different environmental conditions, allowing long-term storage at ambient conditions and on-site applications. According to the market analysis performed by Markets and Markets in 2015, 54 Despite their ease of use and low cost, aptamers have some disadvantages such as relatively lower sensitivity for the targets compared to the antibodies, overall negative charge due to the phosphate backbone that makes the structure hydrophilic, and the small size that makes the aptamer susceptible to renal ltration. 55, 56 Attachment of aptamers to nanoparticle surfaces may translate this disadvantage into an advantage, also imparts probe properties to the nanoparticles. A detailed comparison of antibodies and aptamers was previously reported by Zhou and Rossi. 55 In Table 1 , we prepared a similar comparison list for informative purposes.
Nanoparticle surface biomodification techniques
Key surface modication techniques that have been extensively practised to functionalize nanomaterial surfaces with biological entities such as antibodies and aptamers have appeared to be falling into four broad classes as: thiol-noble metal surface interaction (41%), streptavidin-biotin interaction (33.7%), p-p stacking interaction (23.8%) and NHS-EDC carbodiimide reaction (1.4%), according to Google Scholar publication database for 1990-2017 time period (search was conducted in July 2017). The number of publications in the eld increased in a logarithmic trend by the time, and the thiol-gold nanoparticle surface interactions have dominated the eld since gold is one of those ancient nanomaterials that has been used for centuries for medicinal purposes. 57 Modication of colloidal gold particles with an antibody for the rst time was done in 1971 by British researchers Faulk and Taylor who published the method for direct electron microscopy visualisation of Salmonellae surface antigens. 58 On the other hand, the discovery of the strong interaction between avidin and biotin dated back to 1975 (ref. 59 ) whereas p-stacking interactions and EDC coupling technique became popular in the late 1990s 60,61 during which nanotechnology was an emerging concept in the eld of science and technology. Each of these major surface biomodication techniques is described below with examples from the current literature.
Modication with thiol compounds
The inherently strong interaction between thiol compounds (-SH, mercaptans or sulydryl groups) and noble metal surfaces has allowed scientists to engineer self-assembled monolayers (SAM) on gold and silver nanoparticle surfaces for various biosensing applications. SAM of thiol molecules is simply prepared by submerging a clean noble metal substrate into a diluted solution of the desired thiol chemical. The nonreactive (inert) nature of gold has enabled the use of alkane chains with various terminal groups and formation of a vast range of functional groups on gold surfaces. 62, 63 The simple alkane chains create hydrophobic surfaces of gold, whereas the others with, for example, hydroxyl (OH) and carboxylic acid (COOH) terminal groups can form very hydrophilic surfaces. The strength of a single thiol-gold bond is dependent on several factors like pH of the solution, incubation time, quality of the thiol compound as well as the surface properties of the gold material itself. 64 Assembly of a monolayer on gold requires a clean surface which can be achieved with sequential washes of the material in acetone, methanol, ethanol or piranha solution.
65 Ultraviolet-ozone 66 or oxygen plasma treatments are also used to dispose of any organic residue on the gold surface. Ultraviolet ozone treatment was found more successful than the oxygen plasma treatment method for cleaning nanostructured gold surfaces, which is in contrast to the bulk lms of gold.
67
As presented in Table 2 , a wide range of thiol compounds is available to prepare gold surfaces for biomodication. For example, 1,6-hexanedithiol being a dithiol, bears two -SH groups that are essential to attach nanoparticles or metallic ions to SAM surface. 68 11-Mercaptoundecanoic acid has one -SH and one -COOH group that can be activated further with NHS-EDC reaction to covalently bind biological entities like antibodies onto the desired gold surface. 69 4-Aminothiophenol bears one -SH group and one -NH 2 group linked to a benzene ring that was employed as RAMAN signal reporter along with a thiolated aptamer probe. 70 On the other hand, DNA and RNA oligonucleotides (aptamers) can be chemically modied with preferred thiol groups to functionalize the gold surfaces directly with affinity probes. 64, 70 In such cases, a spacer of carbon atoms or thymine/adenine nucleotide chain is added to the oligonucleotide chain (usually before the -SH residues) in order to prevent steric hindrance effects at the nanoscale. It should be noted that the spacer groups may interfere with the affinity of the oligonucleotide aptamers in either way. For instance, Waybrant et al. 71 investigated the change in the affinity of fractalkine binding aptamer (FKN-S2) in different tail and spacer structures that included the aptamer samples with no spacer, different polyethylene glycol spacers (PEG 4 , PEG 8 , PEG 24 ), alkyl spacers (C 12 and C 24 ), and oligonucleotide spacers (T 10 and T 5 : and A 10 ). Based on the radioactive competition binding assay results, the A and T oligonucleotide spacers gave the highest affinity to the aptamer while the hydrophobic alkyl spacers signicantly decreased the binding affinity. The tail structure of hydrophobic dialkyl C 16 also reduced the binding affinity over 7-fold as compared to the free FKN-S2 aptamer.
Thiol compounds with a hydrophilic -OH groups at one end are usually employed in reactions at excess amounts as competitors when forming SAMs on gold surfaces with other functional thiol compounds. For example, 6-mercaptohexanol or 11-mercaptoundecanol can be used with 11-mercaptoundecanoic acid or 4-aminothiophenol to form a monolayer of -COOH or -NH 2 groups on gold surfaces, respectively, to anchor biomolecules or other nanoparticles. In such reactions, thiol compounds with free -OH groups naturally arrange in between the other thiol compounds covering the entire metal surface to avoid non-specic interactions. 76, 77 In Fig. 1 , structures of some of the thiol compounds that are used to modify gold nanoparticle surfaces with protein-based and oligonucleotide-based affinity probes were illustrated. A complementary list of thiol compounds and the methods for modication of colloidal inorganic nanoparticles can be found in an earlier report by Sperling and Parak. 78 The fundamentals of thiol and dithiol selfassembly process on planar surfaces, irregular surfaces and on the nanomaterials were previously reviewed by Vericat et al. 68 who additionally elaborated the chemical reactivity and thermal stability of the SAMs in aqueous and ambient conditions. There are also examples of some gold nanoparticles that were functionalized with aptamers without the need for thiol molecules. In one report, for instance, aptamers were incubated with gold nanoparticles to construct different types of nanoparticle branches that produced different colours based on the number of aptamers attached. 79 Finally, the aptamer-decorated gold nanoparticles functioned as colourimetric probes for detection of ochratoxin A, cocaine and 17b-estradiol with nanomolar sensitivity. Ochratoxin A was also detected with high sensitivity in grape juice and wine samples by using silver nanoparticles incorporated into a polyoxometalate-functionalized reduced graphene oxide electrode, without an immobilised affinity probe. 
Modication with avidin-biotin interaction
The non-covalent interaction between avidin and biotin is known as one of the strongest bonds in nature with 
59 Streptavidin (also known as vitamin H or vitamin B7) is a tetrameric protein with four identical biotin binding sites. Neutravidin, on the other hand, is a de-glycosylated form of avidin with a neutral isoelectric point and it has the same specic binding affinity towards biotin molecules. (1) 11-Mercapto-1-undecanol, (2) 11-mercaptoundecanoic acid, (3) protein bound to 11-mercaptoundecanoic acid with amide bond, (4) DNA bound to 11-mercaptoundecanoic acid with amide bond, (5) DNA directly bound to gold surface through a carbon spacer and thiol group at one end, (6) DNA directly bound to the surface through a poly A tail and thiol group, (7) DNA bound to the gold surface through a partially complementary DNA strand with thiol modification, (8) protein bound to gold surface through an amide bond with 4-aminothiophenol, (9) dithiol molecule, (10) thiolated PEG, (11) mercaptopropionic acid.
Interaction of biotin with avidin/streptavidin/neutravidin has been immensely used in biotechnology for separation of biomolecules on streptavidin-coated solid supports, 80 as recently reviewed by other groups. 81 In nanotechnology, this robust interaction has become a routine to functionalize various nanoparticle surfaces with affinity probes, including gold nanoparticles, 82 carbon nanotubes, 83 quantum dots and upconversion nanoparticles.
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Construction of nanobiosensors based on streptavidinbiotin interaction usually begins with modication of the nanoparticle surface with streptavidin molecules, followed by incubation with the affinity probe that carries at least one biotin residue to bind with the streptavidin coated nanoparticle. Modication of nanoparticle surface with streptavidin, avidin or neutravidin proteins can be achieved in several ways. Based on the surface properties of nanoparticles, proteins can be deposited directly onto the surface without the need for a specic reagent 85 or ideally, they are covalently attached to the surface with NHS-EDC carbodiimide chemistry by forming an amide bond. 84 Glutaraldehyde method has been found effective for surface coating. 86, 87 In another example, 88 amine-terminated biotin molecules were initially decorated onto carboxylated nanotube surfaces through NHS-EDC reaction. Streptavidin molecules were attached to the nanotube surface through the decorated biotin residues, which eventually aided to capture the molecules of interest with free biotin groups (i.e., biotinylated DNA, biotinylated uorophore or biotinylated gold nanoparticles on the captured streptavidin).
In the rst method, where no chemical reagent is necessary for streptavidin coupling, the nanoparticles are simply incubated with the streptavidin protein in a buffer solution that is followed by elimination of the unbound proteins from reaction media by centrifuge or ltration. In this case, adsorption of streptavidin molecules onto the nanoparticle surface may be explained by electrostatic interactions, van der Walls forces, hydrogen bonding or p-p stacking interactions. 89 In the case of NHS-EDC carbodiimide procedure, streptavidin molecules are covalently attached to the nanoparticle surface through the amide bond formation between EDC-activated -COOH groups and primary -NH 2 groups. Eventually, the nanoparticle surface covered with streptavidin molecules becomes available for modication with desired biotin-labelled affinity probes, establishing a sandwich type sensing platform. In Table 3 , some examples of streptavidin-biotin interactions that were used to modify nanoparticle surfaces for biosensing applications were presented. As shown in the table, a variety of nanoparticles with streptavidin or neutravidin modications are commercially available and can be directly used to make sandwich assays with biotinylated affinity probes. The avidin-biotin technique can be employed with almost any type of nanoparticle regardless of the material properties, which is in contrast to thiol-noble metal interaction technique and p-stacking interaction method, both require specic type of nanomaterials to bind with the affinity probes. 103 Existence of p electrons-anion interactions was also reported in the literature, 104 which holds a great potential for construction of novel materials for sensing (i.e., ion sensing).
Modication through p-stacking interactions
Presence of p electrons both in nanoparticles and biological molecules has simplied the exploitation of this interaction to develop smart nano-bio hybrid or conjugate systems for costeffective and robust biosensing applications. As presented in Table 4 , the nanobiosensors built with p systems were mainly based on the carbon nanomaterials such as graphene and carbon nanotube derivatives. Graphene is a carbon nanomaterial composing of hexagonally arranged carbon atoms with single-atom thickness. Carbon has six atoms which make sp 2 -hybridised crystal structure in graphene and many related carbon nanomaterials like graphene oxide, reduced graphene oxide, fullerene and carbon nanotubes. In the sp 2 -hybridised crystal structure, one s-orbital hybridises with two p-suborbital, namely p x and p y which forms a planar assembly with a particular angle of 120 degrees between the hybridised orbitals, forming a s-bond. The remaining p z -orbital stays perpendicular to the sp 2 -hybrid orbitals which form a p-bond 105 that lays the foundation for engineering nano-bio conjugates with p-p interaction.
106 For example, nucleobases with aromatic rings can bind to the graphene surface 107 with electrostatic interactions, hydrophobic forces and p-p stacking interactions. Because the nucleobases in double-stranded DNA is protected within the helix structure, the single-stranded DNA can interact better with the carbon nanomaterials. Equally, proteins with aromatic amino acid residues (i.e., histidine and tryptophan) can make strong complexes with carbon nanomaterials, unless those aromatic residues are obscured in the hydrophobic regions of proteins.
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For example, single wall carbon nanocorns and 3 0 FAM (carboxyuorescein) dye-labelled aptamers were effectively utilised as uorescent sensing probes for ochratoxin A detection. 109 The essential point was that the ochratoxin A-specic DNA aptamers could go into a G-quadruplex structure upon binding to the target. In the absence of the target, DNA aptamers and aromatic FAM labels interacted with negativelycharged single wall carbon nanocorn surface through p stacking, leaving the uorescent dye-quenched as a result of the uorescence resonance energy transfer (FRET) from dye to the carbon surface.
In a similar example, nanographene was used as the uo-rescent quencher platform for detection of dopamine using the DNA aptamers that were chemically conjugated with uorescent carbon nanodots. 117 Aptamers were conjugated with the uo-rescent carbon dots by EDC-NHS reaction that was later incubated with the nanographene to form nano-bio conjugates through p-p stacking and hydrophobic interactions. The resulting conjugates did not produce uorescent signals in the absence of target because of the surface energy transfer from carbon dots to the nanographene whereas the uorescent signal was recovered in the presence of target dopamine. In another example, Xia et al.
14 reported a method using graphene oxide as the uorescent quenching platform and N-terminal uorescein isothiocyanate (FITC)-labelled peptide aptamers as the affinity probes for detection of human chorionic gonadotropin (a biomarker for pregnancy and some cancer types). It was demonstrated that some amino acids including lysine, histidine, glutamic acid and aspartic acid had negligible effects on uorescent quenching efficiency while the other amino acids including arginine, phenylalanine, tryptophan, tyrosine and four proteins (bovine serum albumin, immune globulin G, recombinant human erythropoietin and thrombin) disturbed the interaction between the peptide aptamer and graphene oxide surface, thus recovered the signal. Additionally, isothermal titration calorimetry technique revealed that electrostatic interactions and p-p systems played a major role in the strong interaction between some amino acids and graphene oxide, in which the amino acids inuenced the conjugation either individually (for lysine, arginine, histidine, phenylalanine, and tyrosine) or co-operatively (tryptophan). 118 
Modication through EDC-NHS chemistry
Carbodiimide chemistry is the most common method to covalently modify free carboxylic acids with primary amine groups for labelling and surface functionalization purposes. The most common carbodiimide is the water-soluble N-(3-dimethylaminopropyl)-N 0 -ethylcarbodiimide (EDC). EDC is usually employed together with N-hydroxysuccinimide (NHS) to accelerate the reaction rate and the nal coupling efficiency. EDC activates the free carboxyl groups on one molecule to bind with primary amine groups of the other molecule, constituting an amide bond. NHS or its water-soluble analogue (sulpho-NHS) reacts with the carboxyl groups, forming a stable amine-reactive NHS ester intermediate to be coupled with the primary amines at physiologic pH conditions. The intermediate produced by NHS is signicantly more stable than the O-acylisourea that is produced in reactions only with EDC. Thus, NHS is frequently included in EDC reactions. Because none of these compounds leave residues on the nal conjugate structure, carbodiimide molecules are considered as zero-length cross-linkers. 119 Unlike the previous modication methods, EDC-NHS carbodiimide reaction produces a strong covalent bond between the reaction compounds reinforcing the lifetime of the conjugation. Because all proteins (for example, antibodies) are composed of amino acids that contain primary amine and carboxylic acid groups, NHS-EDC reaction can be used to bind biomolecules to any surface comprising a primary amine or carboxylic acid groups. Similarly, DNA or RNA molecules (for example, aptamers) can be synthesised chemically with free carboxylic acid or primary amine groups at the desired nucleotide points, facilitating their coupling onto the functionalized material surfaces through EDC-NHS chemistry. 75, 94, 112, 120 As presented in Table 5 , EDC-NHS chemistry has been widely used to functionalize nanoparticles with affinity probes to construct nanobiosensors. In some cases, other modication techniques like thiol-noble metal interaction and p-stacking systems were combined with EDC-NHS chemistry in order to fabricate sophisticated nano-bio conjugates. For example, in the study reported by Zhu and Lee, 121 carbon nanotubes and silver nanoparticles were employed together to develop a nanobiosensor for the detection a-1 antitrypsin, a biomarker for Alzheimer's disease. The authors treated the nanotubes with perylene tetracarboxylic acid, which had a pyrenyl group that could stack on the nanotubes through p-p interaction and free -COOH groups that were further used to modify the nanotubes with 5 0 NH 2 -aptamers through EDC-NHS chemistry. In another report, naive silver nanoparticles were treated with a mercaptopropionic acid solution that had thiol groups at one end to bind with the silver nanoparticles and free -COOH groups on the other end for conjugation with the biomolecules. Free -COOH groups of the silver nanoparticles were activated through EDC-NHS reaction to attach antibodies that eventually served as the signal probes for the detection of a-1 antitrypsin. In such reactions, the amount of the affinity probe (aptamers or antibodies) should be signicantly high in molar concentration to ensure the uniform coating of the nanoparticle surface. In a recent study conducted by our group, 28 the surfaces of carboxylic acid-coated upconverting nanoparticles and carboxylic acid-coated quantum dots were activated by EDC-NHS carbodiimide reaction to decorate the nanoparticle surfaces with foodborne pathogen-specic DNA aptamers that had primary amine groups at 5 0 end. These uorescent nano-bio conjugates served as the signal probes for simultaneous detection of two different pathogens. The luminescent nanobiosensors fabricated in the study were characterised by GE, DLS, CD and UV-Vis spectroscopy techniques to validate the presence of target-specic aptamers on the nanoparticle surfaces, which is essential for nanobiosensor studies. The advancements in the development of nanoprobes for detection of pathogenic bacteria, 122 and several other food contaminants 123 has been covered in the recent literature.
Characterisation of nanoparticle surface biomodification
Characterisation studies are performed to validate presence and activity of the affinity probes that are coupled with the nanomaterials. During the surface biomodication of nanomaterials, an excess amount of affinity probe is typically used to saturate nanomaterial surface which eventually prevents non-specic interactions of the probes. In the second step, unreacted affinity probes and unreacted nanoparticles in the reaction medium are separated from the probe-conjugated nanomaterials. Because the unreacted components would compete with nanosensors to bind with target molecules non-specically and severely undermine the performance of the nanosensors, leading to a narrower detection window and higher limit of detection values. Therefore, several wash-out steps with centrifugation or commercial lters are recommended to discard the unbound reaction components. Purication of the conjugated probes from the reaction medium is followed by the characterisation of the sensor probes. Naïve nanomaterials and unconjugated affinity probe samples also participate in characterisation studies as the key control samples. Here we briey described the basic principles of the most common nanobiosensor characterisation techniques with examples from the recent literature.
Ultraviolet-visible absorption spectrophotometry
UV-Vis absorption spectroscopy is a standard tool for the characterisation of nanobiosensors. Many of the core nanomaterials used in nanobiosensor construction studies can be distinctively identied and quantied by the absorption spectroscopy. Affinity probes, oligonucleotide-based aptamers and protein-based antibodies, also show typical absorption peaks around 260 and 280 nm with UV-Vis technique and the absorption at these specic wavelengths are used to calculate molar concentrations and purities of the samples in buffer solutions. Although this method cannot be applied quantitatively in the presence of affinity probes and nanomaterials with strong UV absorption (for example quantum dots, plasmonic nanostructures and carbon nanomaterials), it can still be used to qualitatively identify the presence of aptamers or antibodies on nanomaterials based on the absorbance spectrum change upon successful surface biomodication. In such cases, absorption peaks of the affinity probes are oen observed as slight shoulders in the absorption spectrum of the nanoprobe, which strongly depends on the extinction coefficient difference and the number of functional sites on the nanomaterial available for probe conjugation. Some examples of antibody and aptamer-functionalized gold nanoparticle probes that were characterised by UV-Vis absorption spectroscopy were represented in Fig. 2a and b, 127,128 respectively. As seen in the gure, the functionalization of the gold nanoparticles with affinity probes resulted in a red shi in the localised surface plasmon signal of the nanoparticle since the refractive index of the affinity reagent was signicantly larger than the refractive index of the surrounding media. Besides, the DNA shoulder in the absorbance spectrum around 260 nm in Fig. 2b conrmed the successful surface modication of the gold nanoparticles. The plasmonic nanostructures usually show exponentially increased refractive index sensitivity in the nanoscale vicinity of their surface. In fact, the functionalization of plasmonic nanostructures with aptamers can be further validated using the complementary oligonucleotide sequences since the refractive index (n) difference between ssDNA (n ss $ 1.46) and dsDNA (n ds $ 1.54) 130 can be easily detected in nanomolar range.
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In the Fig. 2c , 129 UV-Vis absorption spectrum of naïve quantum dots and aptamer-functionalized quantum dots were represented where a distinct oligonucleotide shoulder around 260 nm in the spectrum was detected. Unlike the absorbance behaviours of aptamer-conjugated plasmonic gold nanoparticles, aptamer-functionalized quantum dots showed a blueshi that was indicated the disruption of the core nanoparticle structure upon aptamer modication. The slight expansion in FWHM of the quantum dots upon aptamer conjugation was another evidence for successful surface biomodication. 28 The change in the core structure of the quantum dots upon surface biomodication could also affect their behaviours under an electric eld that is discussed later in electrophoresis subsection.
Gel electrophoresis
GE remains to be one of the most fundamental characterisation technique for biochemistry and molecular biology. Depending on the size and surface charge, biomolecules such as DNA, RNA and proteins can be easily separated with high resolution in porous agarose or polyacrylamide matrix under an applied electric eld. The velocity of the biomolecules within the matrix is governed by the pore size of the matrix, applied voltage and the specic electrophoretic mobility of the macromolecules. Careful optimisation of the gel electrophoresis parameters can, in fact, provide an extraordinarily high resolution that could differentiate between DNA samples with a few nucleotide difference in size. A wide range of gel staining options can be utilised for visualisation of numerous specimens, depending on the purpose of the application. On the other hand, these staining procedures can be skipped for some nanoparticles (i.e. quantum dots) that show intrinsic uorescent signals upon exposure to the UV light.
Nanoprobes can also be analysed effectively with gel electrophoresis technique due to their small sizes, physical and intrinsic optical properties. 132 The fundamentals of gel electrophoresis for nanoparticles and nanoprobes were wellestablished in the last decade. [133] [134] [135] Electrophoretic mobility of the nanoparticles depends not only on their size but also the zeta potential characteristics of the particles. In Fig. 3a,   136 electrophoretic behaviours of the quantum dots conjugated with monovalent streptavidin molecules at various concentrations were represented. As the concentration of streptavidin protein was increased in the biomodication medium, the number of electrophoretic bands for quantum dot-streptavidin conjugates decreased, and nally became one sharp electrophoretic band that was carrying the nanoparticles-conjugated with the ideal amount of streptavidin molecules.
In fact, competition between size and surface charge (zeta potential) of nanoparticles could lead up to peculiar gel electrophoresis results that are oen observed in quantum dot gel samples. As represented in Fig. 3b, 137 the streptavidin-coated quantum dots formed several different conjugates when they were incubated with the biotinylated aptamers at various concentrations. One could expect to see a slower movement of the aptamer-conjugated quantum dots in the gel as compared to the naïve nanoparticles because the nanoparticles became heavier in size upon bio-conjugation. On the contrary, the aptamer-conjugated quantum dots moved faster than the naïve quantum dots, which might be explained by the increased negative charge on the surface due to the phosphate backbone of the coupled oligonucleotides. Another explanation could be the destruction of the core structure of quantum dots during the aptamer coupling where a layer of the atoms may have le the structure. That eventually may have caused a decrease in the overall nanoparticle size and an increase in the velocity of the conjugated particles in the gel environment. In Fig. 3c,   138 a common behaviour was observed for the quantum dotsconjugated with aptamers. As theoretically expected, the conjugation resulted in an increase in the size and decrease in the mobility of the conjugated quantum dots. In such situations, DLS technique might be useful to control the hydrodynamic size of the particles before and aer conjugation reaction.
In Fig. 4 , the electrophoretic behaviour of carboxylic acidcoated upconverting nanoparticles that were functionalized with 5 0 -NH 2 aptamers through EDC-NHS chemistry in our laboratory was presented. Aptamer-conjugated upconverting nanoparticles and the unreacted aptamer molecules were visualised on 1% agarose gel under UV light exposure following the standard ethidium bromide staining. In Fig. 4a , an excess amount of aptamers were employed in the reaction for complete saturation of the upconverting nanoparticle surfaces. The conjugated upconverting nanoparticles at various sizes and the unreacted aptamers appeared as discrete bands on an agarose gel. One the molar concentration of the aptamers in the reaction was decreased by half, a single and thick band of the conjugated upconverting nanoparticles was observed along with a faint band of the unreacted aptamers at the bottom of the gel (Fig. 4b) . The purication of the conjugated nanoprobes from the unreacted aptamers by ltration resulted in a sharp single band, as can be seen in Fig. 4c .
Circular dichroism
CD spectroscopy is used to evaluate dichroic behaviour of materials over UV, visible and near-infrared spectrum. Dichroism concept originates from the chiral materials that interact with different states of circularly polarised light. CD spectroscopy is simply the polarisation-based UV-Vis absorption spectroscopy, utilising right or le-circularly polarised incident light instead of unpolarized light. Although UV-Vis absorption spectroscopy method remains to be one of the most robust techniques for characterisation of macromolecules, the high extinction coefficient of nanomaterials in UV spectrum renders the evaluation of nanobiosensors challenging. Because most of the nanoprobes utilised in biosensing applications do not show dichroic behaviour in the UV spectrum, CD spectroscopy can easily surpass overlapping absorption responses and deliver precise structural information. CD technique is oen used to analyse the secondary structure of macromolecules (i.e., proteins, nucleic acids) and non-racemic mixtures of small chiral molecules (i.e., amino acids) under various experimental conditions. Biological molecules like DNA and proteins exhibit highly dichroic response due to their chiral monomers and constituents, unlike many nanoparticles. Therefore, CD technique can be performed to evaluate conformational changes of antibodies and aptamers upon binding to the nanomaterials. As presented in Fig. 5 , 28 CD spectra of quantum dots (a) and upconverting nanoparticles (b) resulted in zero ellipticity since they did not show any chiral properties (black lines). However, unconjugated ssDNA aptamer samples presented peaks around 220 and 280 nm due to their chiral properties (blue lines). The spectral difference between the naïve aptamers, nanoparticles and the aptamer-conjugated nanoparticles showed the changes in the helix structures of the DNA molecules, indicating the successful biomodication of the nanoparticle surfaces (red lines).
Dynamic light scattering
DLS technique combined with zeta potential measurements offers an extensive repertoire for nanobiosensor characterisation. DLS technique exploits the Brownian motion of the particles that are dispersed well in a solution. Temporal uc-tuations of light and scattering events due to the movement of particles in solution are oen analysed using photon autocorrelation function that can reveal hydrodynamic radii, size distribution and concentration of the samples. DLS technique is based on three fundamental requirements: (a) spherical shape of the scattering particles, (b) sufficiently dilute solution of the sample to refrain multiple scattering events and (c) the absence of interfering absorption events or purity of the sample solution. It is imperative to dilute the solution of nanoprobes (i.e., 1 : 1000) to obtain reproducible results with DLS technique. At high concentrations of the particles, multiple scattering events could result in articially low mean size measurements. Additionally, viscosity dominates the size measurement and result in articially high mean size. Apart from that, dispersion quality of the colloidal particle or bionano conjugate solution is necessary for the accurate evaluation of the nal data. Nanoprobe absorption prole is oen neglected in DLS measurements due to the integrated 633 nm red laser in standard DLS instruments. However, it could result in failed measurements for specic nanoparticle types. For example, quantum dots with deep-red uorescent emissions absorb the incident laser light with high extinction coefficient, thus, prevent the data acquisition. Since DLS method exploits Rayleigh scattering, the scattering intensity is directly proportional to d. 6 The presence of dust, artefacts or agglomerates severely jeopardises the accuracy of size distribution results. Therefore, disposable and sterile cut-off syringe lters can be used to remove unwanted artefacts. Additionally, DLS could only analyse the colloidal system in logarithmic size due to the incorporated data analysis method. In an ideal monodisperse colloidal nanoprobe solution, DLS should reveal slightly larger size distribution for bio-conjugated samples than the naïve nanoparticle sample. The difference in the determined size originates from the functionalization of the nanoprobes and the hydration shell of nanoprobes originating from the surrounding solvent molecules. As presented in Fig. 6 , functionalization of nanoprobes with oligonucleotides and proteins increased the hydrodynamic radii of the nanoprobes that conrmed the successful functionalization of nanoparticle samples. In the case of aptamers, a sharp increase in the mean nanoprobe diameter can be seen as a result of the free aptamer tails that are in contact with the solvent molecules. Example of such interaction was shown in Fig. 6a 139 in which the DLS data were further validated with gel electrophoresis technique. The nanoparticles with DNA and DNA + RNA conjugations became heavier in size. Thus, they moved rather slowly in the gel. In case of antibody samples, the increase in the hydrodynamic size distribution of the conjugates possibly originated from the bulk size of the antibodies as can be seen in Fig. 6b and c. 140,141 DLS and zeta potential measurements are quite precise and easy to use for nanoprobe stability monitoring, as well. Periodic DLS measurements can reveal the colloidal stability of the functionalized nanoparticles over a dened period. Combined with the other methods, validation of the surface biomodication can be achieved for various nanoparticles.
A summary of these characterisation techniques is presented in Table 6 .
Conclusion
There are several methods established in the literature for nanobiosensor construction, mainly differing in affinity probe type, nanoparticle type, sensing principle, selectivity, repeatability, assay time and the nal cost. In this report, the most recent and versatile methods for nanoparticle surface biomodication and characterisation were reviewed. Prevalent affinity reagents for nanobiosensor construction including antibodies and aptamers were described, the key surface biomodication techniques and characterisation tools were explained in the context of the recent literature. Based on the reviewed reports, carbon-based nanomaterials along with plasmonic gold nanoparticles have been found to be the most utilised nanomaterials for nanobiosensor construction, which has been followed by the luminescent nanoparticles such as quantum dots and the upconverting nanoparticles. In line with these ndings, p-p bonds and thiol-noble metal interactions have been classied as the leading methods for surface biomodication aer avidin-biotin interaction and EDC-NHS carbodiimide methods. Finally, characterisation of the surface bio-modication by UV-Vis absorption spectrophotometry, DLS, CD and GE techniques were discussed, several examples from the literature were presented with some technical details. The development of reliable and affordable nanoparticle-based biosensors for on-site detection and clinical applications are expected to grow signicantly by the discovery of aptamers for novel biomarkers and biocompatible nanoparticles. This report outlines the key methodologies for nanoparticle surface biomodication that could be a useful source for graduate students and academics in the eld of nanotechnology and biotechnology.
